Carbonyl iron ͑CI͒ particles with their superior magnetic and physical properties, widely adopted as magnetorheological ͑MR͒ fluids, have been modified via diverse strategies to get well dispersed suspension in medium oil. Recently, coating technology has become prevalent due to improved favorable morphology and effective decrease in their particle density, resulting in an abated sedimentation problem. Therefore, considering self-assembling property of carbon nanotube ͑CNT͒, a dense nest of CNT onto the surface of CI particles was constructed in this study using 4-aminobenzoic acid as a grafting agent. MR characteristics of the CI/CNT particles which were examined via a rotational rheometer in a parallel plate geometry equipped with a magnetic field supplier were found to be similar with that of pristine CI suspension, while the sedimentation ratio is expected to be improved.
I. INTRODUCTION
Magnetorheological ͑MR͒ fluids, suspensions of magnetic particles in nonmagnetic medium oil, have drawn much attention due to their controllable rheological characteristics and wide range of engineering applications.
1,2 Carbonyl iron ͑CI͒ particles, which are superior species being adopted widely to MR fluids, however, have severe sedimentation problem due to the large mismatch of the particle density to the carrier oil. Therefore, diverse strategies have been introduced to modify pristine CI particles to meet the requirements of industrial application for MR fluids.
3,4 Among them, either adding additives or polymer-coating technologies have attracted much attention and have been proven to play an important role in improving the above mentioned drawback of sedimentation. In the case of adding additives, the interspaces of the CI particles are, in general, found to be filled with additives, avoiding direct contact between magnetic CI particles, consequently sustaining the stable dispersion of the whole MR fluid. [5] [6] [7] Compared with the facilitated fabrication of this method, polymer-coating technologies not only produce perfect core ͑CI particles͒-shell ͑polymer͒ morphology but also reduce the sedimentation problem due to decreased density of the CI/polymer composite. [8] [9] [10] [11] [12] Several polymeric shells have been formed onto the surface of the inorganic magnetic particles with the aid of some chemically reactive materials which are capable of joining the organicinorganic phases. Concurrently, carbon nanotubes ͑CNTs͒ have been extensively studied as filler materials for fabricating polymer/CNT nanocomposites which exhibit synergistic mechanical, electrical, and thermal properties. Functionalization of CNT ͑COOH / NH 2 -CNT͒ or physical adsorption of dispersants onto the surface of CNT has been introduced to increase the dispersibility of CNT in solvent. 13 Therefore, compared with our previous work, 6 in which single-walled CNT was just employed as filler to reduce sedimentation, we constructed a dense nest of CNT onto the surface of CI particles with the aid of 4-aminobenzoic acid ͑PABA͒ as a grafting agent, considering the self-assembling trend of CNT with reactive groups ͑COOH / NH 2 -CNT͒ ͑Ref. 14͒ in this study. MR performances of the CI/CNT particles based MR fluids were then analyzed.
II. EXPERIMENTAL
As an affinity agent to the surface of CI particles, PABA was dissolved in distilled water at 60°C for 2 h. CI particles ͑CD grade, BASF, Germany͒ were dispersed in this solution and underwent sonication for 15 min to modify their surfaces. The chemically treated CI particles which were washed by de-ionzed ͑DI͒ water to remove the excess PABA were then added to the reactor, in which a dispersion of COOH-CNT in DI water was predisposed. The reaction was kept with sonication as well as vigorous stirring in order to induce uniform dispersion of the CI particles with large density at room temperature. After 8 h later, the fabricated CI/ CNT particles were separated from the residual CNT solution using a magnet. Finally, the sample was dried in vacuum oven at 60°C for 24 h. Their morphology and magnetic property were detected by scanning electron microscopy ͑SEM͒ and vibrating sample magnetometer images, respectively. In order to prepare MR fluid, these CI/CNT particles were dispersed in a lubricant oil ͑Yubase 8, SK Corp. Korea͒ with a particle concentration of 20 vol %. MR characterization was performed at 20°C via a rotational rheometer ͑Physica MCR 300, Stuttgart, Germany͒ equipped with a magnetorheological device ͑MRD 180͒. 
III. RESULTS AND DISCUSSION
Compared with the smooth surface of pure CI particles indicated in Fig. 1͑a͒ , a considerably rough surface shown in Fig. 1͑b͒ is observed due to the densely wrapping of nesta͒ Author to whom correspondence should be addressed. Electronic mail:
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liked CNTs. In addition, CNTs are randomly spread over the surface without aggregation, demonstrating that the applied sonication not only drives the self-assembling of CNTs but also enhances good dispersion. On the other hand, an additional experiment without employing PABA did not produce distinctive CNT layers, consequently confirming the role of PABA on the self-assembling of CNTs. Therefore, a reaction produced between PABA modified CI and COOH-CNT as well as the noncovalent bond appeared within-COOH functional groups of adjacent CNTs was assumed to cause the network of CNT.
14 However, further study being required to clarify this issue is in progress. Figure 2 shows the magnetization curves, in which CI/CNT particles possess similar hysteresis behavior as well as magnetic saturation with pure CI particles. This observation coincides with the particle density which decreases from 7.91 g / cm 3 ͑CI͒ to 6.5 g / cm 3 ͑CI/CNT͒ due to the successfully covered CNT layers. In the case of MR characterization, a steady shear flow curve under static magnetic field was investigated at first. Figure 3 shows shear stress as a function of shear rate for both the CI and the CI-CNT based MR fluids under different magnetic field strengths ranging from 0 to 343 kA/ m. 8 Typical nonNewtonian fluid behavior without the magnetic field is observed. It is assumed to be caused by the remnant magnetization of the magnetic particles. 8 With an applied magnetic field, all of the shear stress curves represent wide plateau range over the whole region of applied shear rate which may be caused by the robustly formed columns due to the strong dipole-dipole interaction among the adjacent magnetic particles. The nonvanishing dynamic yield stress ͑ y ͒ for steady shear flow which takes crucial part in designing MR devices is defined as the value of shear stress in the limit of zero shear rate. Determining y requires extrapolating experimental data at finite shear rates. In this study, the CI/CNT suspension shows the similar y as that of the pristine CI suspensions which are about 1.61, 6.7, and 17.8 kPa, corresponding to the strength of magnetic fields of 86, 171, and 343 kA/ m, respectively. The above analysis only reveals the influence of a magnetic field strength on yield stress but cannot detect the internal structure at rest as a function of the magnetic field strength. 7 Therefore, frequency sweep was scanned by adopting a predetected critical strain ͑␥ =5 ϫ 10 −4 % ͒ to preserve the chainlike structure which may be destroyed by large deformation. Figure 4 describes the change of storage modulus and loss modulus under various magnetic field strengths. It is found that both storage and loss moduli do not vary apparently with the growth of angular frequency at a fixed magnetic strength, suggesting that the sample possesses superior solidlike structure rather than liquidlike structure. 15 In addition, it can be also noted that the storage moduli are always higher than loss moduli over the frequency range which lend a hand to comprehend the predominant elastic property of the MR fluids. 
IV. CONCLUSIONS
In this study, we fabricated distinctive CI/CNT coreshell particles via the noncovalent self-assembling of CNT by adopting PABA which played an essential part as a grafting agent. Compact CNTs without aggregation were found to cover the surface of CI particles which traced the role of moderate sonication. However, the thickness of CNT layer was very small because there is no obvious change in magnetic property as well as the MR performances. Therefore, further efforts have to be paid on construct much denser CNT layers over CI particles to reduce the density of the CI/CNT composite particles ͑the density of currently prepared CI/CNT is 6.51 g / cm 3 ͒, by which it improves the sedimentation drawback.
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